To quantitatively estimate the divergences in the natural and anthropogenic dust emission fluxes among different climatic regions, the total dust emissions at the global scale from 2007 to 2010 were simulated in this study. Despite the widely scattered anthropogenic dust distribution, the total area of potential anthropogenic dust sources was found slightly higher than that of natural dust sources. The anthropogenic dust distribution area was 1.61 × 10 7 km 2 in January and 1.54 × 10 7 km 2 in July, respectively. The natural dust sources con- , accounted for 97.3% of natural dust emissions at the global scale. While anthropogenic dust emissions concentrate in semi-arid, sub-humid and humid regions and generally fluctuated between 0.1 and 10 μg m −2 s −1 . In addition, natural and anthropogenic dust proportions in semi-arid regions were the most complicated due to the complex land cover types, including grasslands, urban areas, croplands and open shrub lands, resulting in 42.99% of the anthropogenic dust emissions in semi-arid regions. The complex interplay of natural and anthropogenic dust emissions contributing to the total dust loadings may be a crucial factor enhanced the warming over semi-arid regions. This study provided confidence for the further investigation of the climatic impacts of natural and anthropogenic dust in different climatic regions under the background of global warming, especially the strengthening warming in semi-arid regions.
Introduction
Dust emission serves as a crucial part of the dust cycle, which further determines long-range dust transport and dust deposition processes as well as climate changes induced by dust (Qian et al., 1999; Gong et al., 2003 Gong et al., , 2004 Shao et al., Mao et al., 2011 Zhao et al., 2010 Zhao et al., , 2013 Zhao et al., 2012; Liu et al., 2016; Chen et al., 2017a) . Dust aerosols are divided into natural dust and anthropogenic dust according to their different dust source regions (Tegen and Fung, 1995; Tegen et al., 2004; Ginoux et al., 2001 Ginoux et al., , 2012 . Natural dust emissions mainly originate from bare surfaces such as deserts and Gobi Desert (Shao, 2004 Zhao et al., 2013; Chen et al., 2013 Chen et al., , 2014a .
Increasing efforts have been constantly devoted to improve natural dust emission schemes under various simplifications and hypotheses since the 1990s (Westphal et al., 1988; Joussaume, 1990; Tegen and Fung, 1994; Shao et al., 1996; Marticorena et al., 1997; Wang et al., 2000; Woodward, 2001; Zender et al., 2003; Sugimoto et al., 2003; Han et al., 2004 Han et al., , 2010 Wang et al., 2000 Wang et al., , 2000 Huneeus et al., 2010) . Specifically, Shao and Dong (2006) divided dust emission schemes into three categories: (1) the empirical dust emission scheme such as those of Tegen and Fung (1995) , Mahowald et al. (1999) and Perlwitz et al. (2001) ; (2) the dust emission scheme with simplified physical processes as used by Ginoux et al. (2001) and Woodward (2001) ; and (3) the detailed micro-physical dust emission scheme such as those of https://doi.org/10.1016/j.atmosenv.2018.07.043 Received 10 April 2018; Received in revised form 20 July 2018; Accepted 25 July 2018 Marticorena and Bergametti (1995) and Shao (1996 Shao ( , 2001 Shao ( , 2004 .
However, more and more researchers have noted that human activity can also induce dust emissions at the global scale (Penner et al., 1994; Tegen and Fung, 1995; Ginoux et al., 2012; Huang et al., 2015) . Anthropogenic dust emissions can be interpreted as soil particles that originate from soil conditions being altered or disrupted by human activity (Tegen and Fung, 1995; Shao, 2004; Zender et al., 2004; Xi and Sokolik, 2016; Zheng et al., 2016; Chen et al., 2017b; Luan et al., 2017) . Studies showed that the contribution of anthropogenic dust emissions was non-negligible to dust concentrations at the global scales Guan et al., 2016; Chen et al., 2017c; Zhao et al., 2018) . In previous studies related to dust emission models, only natural dust emissions were considered, while anthropogenic dust emissions induced by human activity were commonly ignored. Anthropogenic dust emission can be categorized into direct and indirect anthropogenic dust emissions based on different anthropogenic dust emission mechanisms. Different dust emission schemes were developed to simulate indirect and direct anthropogenic dust emissions, which can effectively capture the spatio-temporal distributions of anthropogenic dust emissions consistent with the anthropogenic dust column determined from CA-LIPSO retrievals.
The surface air temperature shows an overall warming and the large regional warming differences under the background of global warming Guan et al., 2015; Shukla and Mintz, 1982; Wu et al., 2011; Wallace and Johanson, 2012) . Warming over land is significantly exceeding the global mean surface warming due to the lower warming over oceans (Dai, 2016) . Huang et al. (2012 Huang et al. ( , 2017a noted that the enhanced warming in drylands has been 20-40% higher than that over humid lands. The climatic impacts of absorbing aerosols are highly concentrated because they can strongly absorb solar radiation and have a profound impact on climate change at the global and regional scale (Tegen and Fung, 1995; Foster and Rideout, 2007; Han et al., 2004 Han et al., , 2010 Shao et al., 2011; Chen et al., 2013 Chen et al., , 2014a Zhao et al., 2014; Kang et al., 2015 Kang et al., , 2017 . Kang et al. (2017) noted that different kinds of absorbing aerosols play its role in climate change over different climatic regions based on the Ozone Monitoring Instrument (OMI) satellite retrievals.
Dust aerosol, as an absorbing aerosol, strongly absorbs radiation and heats the atmosphere, playing an essential part in the hydrologic cycle, the carbon cycle, and the energy budget of the Earth system (Tegen and Fung, 1995; Foster and Rideout, 2007; Han et al., 2004 Han et al., , 2010 Shao et al., 2011; Chen et al., 2013 Chen et al., , 2014a Zhao et al., 2014; Kang et al., 2015 Kang et al., , 2017 . What are the characteristics of natural and anthropogenic dust emissions in different climatic regions? How much do anthropogenic and natural dust emissions contribute in different land cover types? The differences of the spatio-temporal distributions between natural and anthropogenic dust emissions were investigated in the study. The contributions of natural and anthropogenic dust emissions from different climatic regions were further compared and discussed.
Method and datasets

Datasets
Land cover datasets
The Collection 5.1 MODIS global land cover type climate modeling grid product (MCD12C1) from 2010 was utilized to identify the potential natural and indirect anthropogenic dust sources. This product has a 0.05°spatial resolution with 17 land cover types covered by different vegetation. The surface vegetation types were derived from the International Geosphere-Biosphere Programme (IGBP) (Friedl et al., 2010) , which provided the dominant land cover types as well as the sub-grid frequency distribution of the land cover classes within 0.05°g rid cells. Open shrub lands, savannas and barren or sparsely vegetated areas were selected as potential natural dust sources. Grasslands, croplands and cropland mosaics were chosen as potential indirect anthropogenic dust sources, which is consistent with Huang et al. (2015) and Guan et al. (2016) . A cropland mosaic is an area where the mosaic of croplands covers less than 60% of the landscape (Friedl et al., 2002) . To reflect the changes in the surface conditions of potential dust source regions among the different seasons, NDVI derived from the Advanced Very High Resolution Radiometer (AVHRR) with a spatial resolution of 8 km and a two-week temporal resolution was used to investigate the seasonal variations in the surface bareness.
ERA-interim
ERA-Interim is a popular global atmospheric reanalysis product provided by the European Center for Medium-Range Weather Forecasts (ECMWF). It covers the period from 1 January 1979 to near-real time (Dee et al., 2011) . Its wind speed datasets at 10 m with a 6-h interval and a 0.4°× 0.4°spatial resolution were utilized in this study to calculate natural and indirect anthropogenic dust emissions. As illustrated in Largeron et al. (2015) , the ERA-Interim wind speed at 10 m well captures the spatio-temporal distribution of the dust emission derived from wind erosion compared with NCEP-CFSR and MERRA reanalysis products. The annual biases of wind speed from the ERA-Interim, NCEP-CFSR and MERRA products are 0.27 m s spectively. Marsham et al. (2011) indicated that the calculated dust emission fluxes using the wind speed at 10 m from ERA-Interim are capable of capturing the spatio-temporal distributions of both indirect anthropogenic and natural dust emissions.
Aridity index (AI)
The aridity index (AI) is defined as the ratio of annual precipitation to annual potential evapotranspiration, which represents the evaporation demand of the atmosphere. The AI indicates the degree of water deficiency and can effectively reflect the level of climatic dryness (Feng and Fu, 2013) . In this study, observational data from the Climate Prediction Center (CPC) were used to calculate the AI, so as to classify the different types of climatic regions. Under this quantitative indicator, drylands are commonly defined as regions with an AI < 0.5, and the world can be further subdivided into five climate parts: hyper-arid (AI < 0.05), arid (0.05 < AI < 0.2), semi-arid (0.2 < AI < 0.5), subhumid (0.5 ≤ AI < 0.65) and humid (AI sub-humid (0.5 ≤ AI05 < AI < 0.2), semiUn Hulme, 1996; Huang et al., 2012) . It is obvious that drier regions have smaller AI values. The AI datasets were provided by Feng and Fu (2013) with a spatial resolution of 0.5°× 0.5°and a temporal coverage from 1948 to 2008.
Night light datasets
Nighttime light (NTL) datasets obtained by the DMSP/OLS sensors are commonly employed to extract the spatial distributions of urbanization (Elvidge et al., 1997) . However, as illustrated in Zhang et al. (2013 Zhang et al. ( , 2016 , NTL data are limited by the saturation of data values, especially in urban cores, and by the inconsistencies in their temporal signals. Therefore, a consistent NTL time series together with a new spectral index which was named as the vegetation adjusted NTL urban index (VANUI) constructed based on the NTL data were used to replace the NTL data to calculate the CNLI (compounded night light index) in this study. As urban areas are the dominant contributors to direct anthropogenic dust emissions, CNLI, the index indicating the urbanization level with a range from 0 to 1, was employed to identify potential direct anthropogenic dust sources. More details for the calculation of the CNLI can be found in Zhuo et al. (2003) .
Population density
The population density data was derived from version3 of the gridded population of the world dataset (GPWv3), which is favored by the Center for International Earth Science Information Network (CIESIN) and the Centro Internacional de Agricultural Tropcial (CIAT) (http://sedac.ciesin.columbia.edu/data/collection/gpw-v3). The 0.5°× 0.5°spatial resolution and five-year temporal resolution from 1990 to 2010 of the population data effectively describe the global population distribution. In this study, these population data in 2010 was used to quantify the intensities of human activities.
Gross domestic product (GDP)
The gross domestic product (GDP) at the global scale was downscaled at 0.5°× 0.5°resolution from 1980 to 2100 by Murakami and Yamagata (2017) , considering the spatial and economic interaction among cities and multiplying auxiliary variables accurately. The actual GDPs from 1980 to 2010 and estimated GDPs under different Shared Socioeconomic Pathways (SSPs) were provided from 2010 to 2100. In this study, the actual GDPs in 2010 and 2000 were utilized to obtain the GDP growth at the global scale. This dataset is available at http://www. cger.nies.go.jp/gcp/population-and-gdp.html.
MISR dust aerosol optical depth
MISR is a scientific multi-angle imaging spectroradiometer instrument onboard Terra satellite launched on 18 December 1999 by NASA (Kahn et al., 1998 (Kahn et al., , 2001 ). The dust aerosol optical depth (DOD) retrieved from MISR has been employed to compare dust emission simulations results with observations (Zhang and Christopher, 2003; Kim et al., 2013; Kalashnikova and Kahn, 2008; Wang et al., 2012) , showing great capacities in capturing the characteristics of dust aerosol. Therefore, in this study, the dust AOD originated from MISR was utilized to ensure the feasibility of our simulations at the global scale.
Soil moisture
The soil moisture datasets were utilized in this study to investigate the influencing factor towards the direct anthropogenic dust emissions. The datasets were derived from the Noah 2.7.1 model in the Global Land Data Assimilation Systems (GLDAS) whose simulation was force by the combination of NOAA/GDAS atmospheric analysis field disaggregated by NOAA Climate Prediction Center Merged Analysis of Precipitation (CMAP) fields. The temporal and spatial resolution of the soil moisture were monthly and 1°× 1°respectively.
Method
Dynamic dust source regions
Previous studies always employed static land cover types to classify potential dust sources, introducing great uncertainties in estimating dust emissions in different seasons (Kim et al., 2013 (Kim et al., , 2017 Mao et al., 2013) . Therefore, a dynamic bareness map with a 1°× 1°resolution was constructed by employing the 8 km-resolution NDVI data (Kim et al., 2013) . The corresponding formula is as follows:
where N < 0.15 and N total are the number of NDVI pixels below a value of 0.15 (Tucker et al., 1991; Peters and Eve, 1995; Sobrino and Raissouni, 2000; Bradley and Mustard, 2005) and the total number of NDVI pixels within a 1°× 1°grid cell, respectively (Brown et al., 2006) .
Natural dust emission scheme
The widely known dust emission scheme introduced by Marticorena and Bergametti (1995) (hereinafter referred to as MB) provides the vertical dust mass flux in bare-soil surface. The MB scheme contains various affecting factors that are hard to obtain precisely, resulting in difficulties of the simulations utilized in this dust emission scheme. To isolate land surface features and their meteorological impacts, Marsham et al. (2011) only retained the wind-related terms in the MB scheme by employing wind speed at 10 m (u) to replace the friction velocity (u * ), and their simulation results were consistent with the result of Cakmur et al. (2004) . In addition, Evan et al. (2016) employed the formula from Marsham et al. (2011) to simulate African dust uplifting and their results reproduced dust emissions in North Africa very well. Therefore, a simplified formula can be used to define the natural dust emission flux as follows:
where C is an empirical constant, B is the dynamic surface bareness in a grid with seasonal variations as illustrated in section 2.2.1, u is the wind speed at 10 m and u t is the threshold wind speed, whose exceedance initiates dust emission and depends on the surface characteristics. The most commonly used value for the natural dust emission threshold, that is, wind speed u t = 7 m s −1 (Helgren and Prospero, 1987; Chomette et al., 1999; Marsham et al., 2011; Chen et al., 2013 Chen et al., , 2014a , was employed in our simulations. In addition, soil moisture reinforces interparticle cohesion forces, reducing the possibility for dust emission (Fécan et al., 1998; Sekiyama and Tanaka, 2011) . Therefore, surfaces with high soil moistures and snow cover fractions were excluded from the simulations.
Anthropogenic dust emissions
Anthropogenic dust emissions can be divided into direct and indirect emissions. More specifically, indirect anthropogenic dust emissions are derived from the wind-driven erosion in surfaces modified by human activity; this dust emission mechanism is similar to that of natural dust (Xi and Sokolik, 2016) . Thus, the simplified MB scheme was also employed to simulate indirect anthropogenic dust emissions, and the typical parameter of threshold wind velocity for anthropogenic dust emission was utilized. It is notable that the surficial crust is commonly broken by human activity, making soil particles more susceptible to erosion (Li et al., 2017a,b; Xi and Sokolik, 2015; Munkhtsetseg et al., 2017) , thereby resulting in a decrease in the threshold wind speed for indirect anthropogenic dust emissions (Gillette and Passi, 1988; Tegen et al., 2004) . As noted in Ginoux et al. (2012) , the valid range of threshold wind velocity for anthropogenic dust emission was from 6.5 to 13 m s −1
, and the smallest value 6.5 m s −1 was used in the indirect anthropogenic dust emission simulations, consistent with Xi and Sokolik, 2016 . Additionally, bare surfaces with high snow covers and soil moistures were also excluded. Direct anthropogenic dust emissions are originated from direct human influences and have a strong dependence on the intensity of human endeavors (Guan et al., 2016) . The STIRPAT (stochastic impacts by regression on population, P, affluence, A, and technology, T) model was utilized to simulate direct anthropogenic dust emissions in this study, and the population density (P), and economic development were taken as the driving factors for direct anthropogenic dust emissions. The urbanization was estimated via the CNLI, and the economic development was quantified using Engel's coefficient (EC) and GDP growth. The corresponding formula is as follows: 
As dust emission schemes utilized in this study are too a little simplified, more detailed dust emission scheme introducing in the effects of soil moisture, dust particle size distributions, cohesion among soil particles will be coupled with WRF-Chem model under the constrain of satellite and situ observations to further investigate natural and anthropogenic dust emissions in our future study.
Results
Dynamic dust source regions
Both natural and anthropogenic land cover types, including desert, gobi desert, open shrub lands, savannas, croplands, grasslands and crop mosaics have the capacities to emit wide distributions of dust particles at the global scale ( Fig. 1 and Table 1 ). Barren or sparsely vegetated areas, open shrub lands, and savannas were selected as the natural land cover types for dust emissions (Table 1) . These areas are mainly distributed throughout Australia, northwestern China, West Asia, and the Sahara Desert (Fig. 1) . Meanwhile, grasslands, croplands and cropland mosaics were chosen as indirect anthropogenic land cover types ( Fig. 1 and Table 1 ), which is consistent with Huang et al. (2015) and Guan et al. (2016) . The anthropogenic dust sources have the characteristics of variable types, dispersion and high spatio-temporal variations due to the variable traffic transportation, cultivation, graze, industrial activities and so on. Therefore, compared with the intensive distributions of potential natural dust sources, the potential anthropogenic dust sources are chiefly located in Central Asia, North America, Europe, the East of China and India. Moreover, they also scatter throughout relatively arid regions, including Australia and South Africa.
The dynamic land cover types for natural and indirect anthropogenic dust emissions identified via the surface bareness were constructed based on the NDVI datasets. The natural dust sources maintains the high value of bare surfaces such as those deserts and gobi desert and their seasonal variations are no more than 1% (Fig. 2c and d) (Tucker et al., 1991; Peters and Eve, 1995; Sobrino and Raissouni, 2000; Bradley and Mustard, 2005; Kim et al., 2013) . Moreover, the surface bareness varies in a wide range from 5% to 95% in vegetated surfaces like croplands and grasslands and generally serves as an anthropogenic dust source influenced by human activity. It is obvious that the bareness of potential indirect anthropogenic dust sources is more severe in cold seasons, which exceed 90% of Central Asia and North America. Conversely, it decreases significantly in warm seasons with only approximately 10% due to vegetation growth. The variations are in good consistent with the previous results provided by Kim et al. (2013) and Chen et al. (2017c) (Fig. 2a and b) .
The monthly average natural and indirect anthropogenic surface bareness extents are further compared. The intensity of anthropogenic surface bareness is far less than that of natural surface bareness with differences exceeding 20%. Apparently, the anthropogenic and natural surface bareness extents both increase during cold seasons and peak in November with values of approximately 29.40% and 49.17%, respectively, while they decrease during warm seasons (Fig. 3) . It is because vegetated regions recover during warm seasons and wither to become sparse vegetated regions even bare ground during cold seasons together with El Niño-Southern Oscillation effect (Xi and Sokolik, 2015) .
The potential anthropogenic dust source regions include potential indirect anthropogenic dust sources (i.e., croplands, grasslands, and cropland mosaics) and urban regions that serve as potential direct anthropogenic dust sources. Although the intensity of surface bareness in natural dust sources are much higher than that in anthropogenic dust sources, the area of potential anthropogenic dust sources is interestingly larger than that of potential natural dust sources with areas of 1.61 × 10 7 km 2 and 1.33 × 10 7 km 2 in January and 1.54 × 10 7 km 2 and 1.31 × 10 7 km 2 in July (Fig. 4) , respectively, suggesting that the potential of anthropogenic dust sources to emit dust particles into atmosphere cannot be ignored at the global scale. Moreover, compared with potential natural dust sources, potential anthropogenic dust source has a significant seasonal variation due to vegetation variations related to cultivation (Xi and Sokolik, 2016) and plant growth (Munkhtsetseg et al., 2017) .
Dust emissions in different climatic regions
To investigate the contributions to dust emissions from different land cover types, the divergences between natural and anthropogenic dust emissions in different climatic regions were further estimated in this study. The AI was introduced to classify different climatic regions at the global scale (Fig. 5) . Fig. 6 displays the relationship between direct anthropogenic dust optical depth (DOD) with population density, CNLI, GDP growth and soil moisture in different climatic regions, to investigate the influencing factors on direct anthropogenic dust emissions. It is obvious that the direct anthropogenic DOD increases with the rising of population density, CNLI and GDP growth, indicating their significantly positive relationship. Moreover, with the development of urbanization, land cover type in humid regions have modified greatly, and researches showed that regions with paved road are of lower soil moisture and water and soil conservation capacity, resulting in the Fig. 1 . Land cover types for potential natural and indirect anthropogenic dust sources (see Table 1 ) from 2007 to 2010. higher possibility to emit anthropogenic dust in urban areas (Meiyappan and Jain, 2012) . Therefore, the population density, CNLI and GDP growth are employed to simulate the direct anthropogenic dust emissions in this study. Especially, hyper-arid regions with AI values less than 0.05 are distributed in North Africa, Central Asia and northwestern China, where large deserts such as the Sahara and Taklimakan Deserts are typically located. The GDP growth, population density and urbanization level in hyper-arid regions are quite small ( Figure S1 ). The direct anthropogenic dust optical depth (DOD) in hyper-arid regions was quite small (Fig. 6 ). Arid and semi-arid regions with AI values ranging from 0.05 to 0.5 are mainly spread throughout West and Central Asia, the North of China, Mongolia, Sahel, Australia, North America and South Africa. The GDP growth, population and urbanization in arid and semiarid regions are both higher than those in hyper-arid regions with relatively high value of direct anthropogenic DOD (Fig. 6 ). This is because that urbanization has been quickening since the 1980s (Chang et al., 2007) and the population density has increased significantly over the past 30 years in semi-arid regions (Guan et al., 2016) . Sub-humid and humid regions with AI values of greater than 0.5 are generally distributed throughout East and North Asia, Europe, North America, South America and Middle Africa (Fig. 5) . These regions are high-value centers of urbanization, as suggested by their intense human activity and urbanization. It is obvious that the GDP growth, population density and urbanization level in humid regions reach maximum values (Fig. 6) , which are considerably higher than those in dryland regions, and thus, humid regions are more likely to emit anthropogenic dust into the atmosphere via human activities and traffic transportation (Zender et al., 2004; Xi and Sokolik, 2016; Huang et al., 2016a Huang et al., ,b, 2017a Therefore, the direct anthropogenic DOD is the largest in humid regions (Fig. 6) . It is noted that if the urbanization or economic developments progressed promptly in drylands, the direct anthropogenic emissions would be more severe than those in humid regions at present.
The simulated natural dust emissions primarily derive from large deserts such as Sahara, Taklimakan Desert, deserts in Arabia and Australia, with the annual average natural dust emissions of 12.19 ± 0.24, 7.31 ± 0.68, 5.23 ± 0.21 and 0.64 ± 0.12 μg m −2 s −1 , respectively (Fig. 7) . The high value centers and distributions of natural dust emissions are consistent with the WRF-Chem simulations reported by Zhao et al. (2013) . In addition, the simulated natural dust emissions also have well agreement with results provided by Chen et al. (2014a) in the Taklimakan Desert (TD), Marsham et al. (2011) and Todd and Guerra, 2016 in Sahara, Kalma et al. (1987) in Australia and Kim et al. (2013) at the global scale. What's more, as the anthropogenic dust is hard to lift up to the planet boundary layer for a long-range transport, the anthropogenic dust column is generally contributed by the anthropogenic dust emissions . Therefore, to evaluate anthropogenic dust schemes performance in simulating anthropogenic dust emissions, we compared the simulated anthropogenic dust emissions with the CALIPSO anthropogenic dust column from Huang et al. (2015) and Guan et al. (2016) . The simulated anthropogenic dust emission fluxes in India, East China, and America are 1.78 ± 0.12, 1.17 ± 0.08 and 0.08 ± 0.01 μg m −2 s −1
, respectively, showing great agreement with the distributions of anthropogenic dust column reported by Huang et al. (2015) at the global scale, Wang et al. (2009) in India, Zhang et al. (2016) in the East of China.
Generally, the natural dust sources contributed 81.03% of the global dust emissions and the anthropogenic contributed 18.97% of the residual, similar to those of Ginoux et al. (2012) and Huang et al. (2015) which noted that the anthropogenic dust emissions possesses 25% in total dust emissions. In previous studies, Tegen and Fung (1995) concluded that the fraction of anthropogenic dust emissions is 30-50%. This divergence can be attributed to the detection of anthropogenic dust sources as our results are derived from dynamic dust source function and take the urban areas into consideration.
Further, the spatial distributions of total dust emission fluxes and dust aerosol optical depth (DOD) derived from MISR are displayed in Fig. 8 . The high value centers of dust emission flux appeared in the Sahara, the TD, the West of Australia, the East of China and India, having good agreement with the DOD observations including natural dust and anthropogenic dust. Evidently, the simulations results capture the natural dust aerosols in Sahara and west of Australia, and the TD well. For anthropogenic dust emissions, the simulations reproduce the spatial distributions of anthropogenic dust in the East of China. However, it overestimates the anthropogenic dust aerosols in North America and India because of the uncertainties of direct anthropogenic dust emission scheme (see Fig. 9 ).
The dust emission fluxes from hyper-arid and arid regions are absolutely predominant, with fluxes reaching 13.12 μg m −2 s −1 and 4.31 μg m −2 s −1 , respectively. In addition, barren areas contribute 100% and 79.27% to total dust emissions in hyper-arid and arid regions, respectively, indicating natural dust emissions are the major contributor. Moreover, dust emission fluxes were 0.54 μg m −2 s −1 , 0.17 μg m −2 s −1 and 0.07 μg m −2 s −1 in semi-arid, sub-humid and humid regions, respectively, which are much smaller than those in hyper-arid and arid regions. In contrast to hyper-arid and arid regions, the main contributors in semi-arid were grasslands, and in sub-humid and humid regions were both urban areas, belonging to the anthropogenic land covers (Fig. 10) . The grasslands and urban areas can be classified into the indirect and direct anthropogenic land covers, respectively, contributed 84.72% of total dust emissions in semi-arid regions due to the quick urbanization since 1980s and intense agricultural activity (Chang et al., 2007) . The natural land covers including barren areas and open shrub lands contributed the residual 15.19% dust emissions in semi-arid regions. Therefore, in semi-arid and sub-humid regions, both natural and anthropogenic dust emissions are crucial contributors to the overall dust emissions, with anthropogenic dust emissions superior. Moreover, urban areas prevail over both sub-humid and humid regions with contributions reaching 74.68% and 98.62%, respectively, suggesting that dust emissions with intense human activity must be counted in dust emission simulations. The climatic effects of anthropogenic dust aerosols play an important role in climate changes in semi-arid, sub-humid and humid regions.
Overall, natural dust emissions are mainly derived from hyper-arid and arid regions, and their total contributions can reach up to 99.48%. Furthermore, anthropogenic dust emissions can widely spread across different climatic regions (Fig. 11) . It is notable that semi-arid regions are the largest contributors to anthropogenic dust emissions due to comparatively higher emissions from both indirect and direct anthropogenic dust sources, as they account for 42.99% of the anthropogenic dust emissions at the global scale. It is because that both the population density and urbanization in semi-arid regions ranked only second to those of humid regions. Moreover, compared with humid regions, anthropogenic dust emissions in semi-arid regions were much higher owing to uncomplete constructions of developing regions and smaller soil moisture in semi-arid regions.
Discussion and conclusions
Dust is one of the most important components of atmospheric aerosols and consequently plays a crucial part in the hydrologic cycle, the carbon cycle, and the energy budget of the Earth system (Foster and Rideout, 2007; Han et al., 2004 Han et al., , 2010 Chen et al., 2014b; Shao et al., 2011; Hu et al., 2016) . To quantitatively estimate the divergences in the natural and anthropogenic dust emission fluxes among different climatic regions, the spatial distributions of both natural and anthropogenic dust emissions from 2007 to 2010 at the global scale were simulated in this study.
Based on the dynamic land cover from NDVI datasets, the results showed that the area of the potential anthropogenic dust sources was1.61 × 10 7 km 2 in January and 1.54 × 10 7 km 2 in July, larger than that of natural dust sources. The natural dust sources were generally sparse vegetation regions, such as deserts, gobi desert, whose surface bareness can reach up to 99% with slight seasonal variations. The global average surface bareness of anthropogenic dust sources was commonly smaller about 20% than that of the natural. In addition, the potential indirect anthropogenic dust sources were vegetation-covered croplands, pasturelands and grasslands, whose bareness changed significantly due to human activity such as cultivation and harvesting with seasonal variations. Therefore, changes in the anthropogenic surface bareness ranged from 5% to 95% in the Central Asia and North America. It is notably that the potential direct anthropogenic dust sources exhibited non-seasonal variations due to the limitations of the available datasets at the global scale. The simplified natural dust emission scheme proposed by Marsham et al. (2011) and the anthropogenic dust emission schemes constructed based Marsham et al. (2011) were used in this study to simulate the global distributions of natural and anthropogenic dust emissions from 2007 to 2010, respectively. Natural dust emissions were commonly distributed in hyper-arid and arid regions of North Africa, East Asia, and Australia with high-value centers located in the Sahara Desert, the Arabian Peninsula, and the TD. Compared with natural dust emissions, anthropogenic dust emissions exhibited scattered distributions, various sources, small emission magnitudes with high frequencies, and broad spreading in both drylands and humid regions. The high-value centers of anthropogenic dust emissions located in East China, India, North America, Europe and Sahel were related to their population, urbanization and economic development. Natural dust emission fluxes generally ranged from 1 to 50 μg m −2 s −1 , and anthropogenic dust emission fluxes ranged from 0.1 to 10 μg m −2 s −1 . In addition, anthropogenic dust emissions are also widely scattered at the global scale, in contrast to the generally concentrated spatial distributions of natural dust emissions. Notably, anthropogenic dust emissions in developed countries are smaller than those in developing countries. Because incomplete industrial structures, city construction projects, and less restrictive environmental regulations have quite significant impacts on developing countries such as China and India, thereby increasing the possibility potential for the emission of anthropogenic dust particles into the atmosphere over these regions. Accordingly, the environmental policies for emission reduction in developed countries, such as those in Europe and North America, also restrain restricts anthropogenic dust emissions. The natural dust sources contributed 81.32% of the global dust emissions and the anthropogenic contributed the residual 18.68%.
Climatic regions were classified via the AI index into hyper-arid, arid, semi-arid, sub-humid and humid regions. The dust emission fluxes from semi-arid, sub-humid and humid regions were far smaller than those in hyper-arid and arid regions. Generally, natural dust emissions occupied greater proportions in hyper-arid and arid regions, with barren areas accounting for 100% and 79.17% of the total dust emissions in two regions, respectively. Moreover, anthropogenic dust emissions dominated in semi-arid, sub-humid and humid regions, where the major contributors interestingly were grasslands in semi-arid regions and urban areas in sub-humid and humid regions. The grasslands and urban areas contributed 64.01% and 16.98% of the total dust emissions in semi-arid regions, and the urban areas accounted for 75.15% and 98.45% of the total dust emissions in sub-humid and humid regions, respectively, followed by open shrub lands or grasslands. Thus, the impacts of anthropogenic dust aerosols on local climate change in semi-arid, sub-humid and humid regions are necessary.
Notably, dust emissions from semi-arid regions are quite complicated, as they have both natural and anthropogenic dust sources that contribute great amounts of dust emissions, and thus, the climatic effects of dust in semi-arid regions require further investigation. More specifically, the anthropogenic and natural land cover types contributed 80.99% and 19.01% dust emissions in semi-arid region, respectively. Furthermore, it is notable that semi-arid regions were the dominant contributors to the global anthropogenic dust emissions, accounting for 42.99% to the total. The anthropogenic dust emissions from areas with intense direct human activities such as urban in semi-arid regions were higher when compared with that in humid regions. This is because that the humid regions were located in various developed countries whose environmental policies, industrial structures and transportation mechanisms are in complete states, constraining the direct anthropogenic dust emission to a great degree compared with developing countries with various uncomplete constructions in semi-arid regions. What's more, the soil moisture in humid regions was much larger than that in semi-arid regions, which suppress the soil particles uplifting. Huang et al. (2012 Huang et al. ( , 2016a Huang et al. ( ,b, and 2017a noted that the enhanced warming in drylands under the background of global warming. Recent studies suggested that semi-arid regions contributed 44.46% to the trend in the annual mean land surface temperature. This temperature increase in cold season over semi-arid regions was 1.5°C, which was higher than the global annual mean increase over land (1.1°C) . Several studies tried to investigate the cause of enhanced warming in drylands from different perspectives, including land-atmosphere interactions, ocean-atmosphere feedback, aerosols, and human activities (He et al., 2014; Huang et al., 2012 Huang et al., , 2016a 2017a,b) . Huang et al. (2016a Huang et al. ( ,b, 2017a and Guan et al. (2015) noted that the radiation effect of aerosols was an important factor that resulted in enhanced warming in drylands. The latest researches pointed out that the dust could cause warming of the atmosphere through statistical analyses of observational data and global simulations, as dust reduces the outgoing radiation due to its darker appearance over bright surfaces.
The accumulations of anthropogenic dust may significantly heat the atmosphere, strengthen local atmospheric circulation, and modify precipitation efficiency at the local scale, resulting in the inhomogeneous severe warming in semi-arid regions which is the most dominant contributor to anthropogenic dust emissions . Therefore, complicated anthropogenic and natural dust emission components are capable of being crucial factors in strengthening of warming trends over semi-arid regions. The climate effects of anthropogenic dust especially in urban should be investigated in the future.
